A structure mode of virtual compound-axis servo system is proposed to improve the tracking accuracy of the ordinary optoelectric tracking platform. It is based on the structure and principles of compound-axis servo system. A hybrid position control scheme combining the PD controller and feed-forward controller is used in subsystem to track the tracking error of the main system. This paper analyzes the influences of the equivalent disturbance in main system and proposes an adaptive sliding mode robust control method based on the improved disturbance observer. The sliding mode technique helps this disturbance observer to deal with the uncompensated disturbance in high frequency by making use of the rapid switching control value, which is based on the subtle error of disturbance estimation. Besides, the high-frequency chattering is alleviated effectively in this proposal. The effectiveness of the proposal is confirmed by experiments on optoelectric tracking platform.
Introduction
Optoelectric tracking (OET) platform is applied to ensure the stability of line of sight (LOS) and achieve the automatic tracking of the maneuvering target under the maneuver motion of carrier and the external disturbance. When the target distance is farther, the small deviation will lead to a large change of the target position. Accordingly, the high tracking accuracy is very important in OET system. The compound-axis system is a form of dual-dimension association control system in the multivariable control systems. It is demonstrated effectively to improve the accuracy and bandwidth of the OET system by inserting a fast steering mirror (FSM) with the high resonant frequency in the large inertia tracking frame of the main optical path [1] . It has been widely applied in high-precision OET systems, satellite laser ranging, laser communications and space remote sensing detection, and so forth [2] [3] [4] [5] . But there are some ordinary OET systems without the FSM. Therefore, it is valuable to research how to improve the tracking accuracy of the ordinary OET system.
High-precision motion control is the key of OET device, which directly influences the accuracy of LOS tracking.
As a typical kind of servo motor system, the robustness against system uncertainties and external disturbances is urgently required without considering mechanical factors. The disturbance observer (DOB) approach has been widely used as an effective robust method to compensate the disturbance and parameter variations from both environment and system [6, 7] . But DOB only deals with the disturbances in the low-frequency domain. High-frequency components of the disturbances such as sudden changes in external forces and Coulomb friction can degrade the control effect of a DOB based tracking control. Therefore, some researchers have tried to design the fuzzy disturbance observer [8, 9] , nonlinear disturbance observer [10, 11] and extended state observer [12, 13] .
As one of the most significant approaches, sliding mode control (SMC) has been proven to be an effective robust control strategy for the systems with large uncertainties, nonlinearities, and bounded external disturbances. Consequently, some researchers have actively developed and researched SMC, which is used in uncertain systems [14, 15] , timedelay systems [16, 17] , fuzzy systems [18, 19] , and Markovian jump systems [20, 21] . Besides, a sliding mode disturbance observer (SDOB) was employed in [22] . It can deal with high-frequency disturbance through selecting appropriate switching control value, which is greater than the upper bound of the disturbance. Meanwhile, the switching control value also causes chattering phenomenon. For alleviating chattering, [23] proposed an SDOB with an adaptive law that requires only a small switching gain. However, this method needs a model of unknown disturbance which is difficult to obtain in engineering practice. As a result, some intelligent methods have been devoted to estimate the upper bound [24, 25] . However, most of these intelligent units are not realized easily in engineering practice, and they are not adequately sensitive to the chattering of control input.
In this paper, the characteristics and structure compound-axis system are analyzed at first. For improving the tracking accuracy of the ordinary OET servo system without the FSM, the design scheme and the realization means of virtual compound-axis are presented. In this method, the adaptive sliding mode controller (ASMC) is designed in main system to reduce the tracking error and deal with highfrequency disturbance by making use of its switching control value, and virtual subsystem employs a hybrid control scheme combining the PD controller (PDC) and feed-forward controller (FFC) simultaneously. The improved DOB compensates disturbance and helps to acquire a small switching gain of ASMC to alleviate the chattering. Experiments are implemented to confirm the validity of this method.
The rest of the paper is organized as follows. Section 2 introduces the OET servo system, including compound-axis system and virtual compound-axis system. Section 3 analyzes the compound control scheme based on virtual compoundaxis servo system. Then, the structure and design of DOB based on ASMC are proposed. Experimental results are shown in Section 4. Finally, the conclusion and future work are given in Section 5.
OET Servo System
2.1. Compound-Axis OET Servo System. The compound-axis servo system improves the tracking accuracy of optoelectrical tracking system greatly, which is an effective method to lock the beam and target on one point. A typical compoundaxis control system uses double detectors structure, including the main-axis system and subaxis system. The main system mainly realizes the coarse tracking and its error is the subsystem input. The subsystem is applied to adjust the tracking residuals of the main system to realize highprecision tracking.
Virtual
Compound-Axis OET Servo System. According to compound-axis control principle, the conception of the virtual compound-axis servo system is put forward in OET system without the FSM. To simplify the problem, this paper analyses a uniaxial platform as an example at first. We assume a coaxial virtual platform that has the same position with the physical platform and a virtual platform owns the virtual tracking detector. Virtual platform connects to the physical platform which connects to foundation bed. The spatial position is overlapped between the tracking detector and virtual tracking detector. The relationship of all the parts of the virtual compoundaxis servo system is shown in Figure 1 , where denotes the LOS deviation of the tracking detector and the target, Δ denotes the LOS deviation of the virtual tracking detector and the target, and denotes the LOS deviation of the tracking detector and the virtual tracking detector. The tracking platform tracks the target roughly, while the virtual platform tracks finely. Therefore, the cooperated tracking mode which is similar to the compound-axis servo system is realized through the combination of main axis and subaxis. The tracking platform is in motion relative to foundation bed and the virtual platform is in motion relative to the tracking platform in motion.
The structure of the virtual compound-axis system is shown in Figure 2 , where 1 ( ), 2 ( ), 1 ( ), and 2 ( ) denote the tracking loop controller, virtual loop controller, the equivalent characteristic of the tracking platform, and the equivalent characteristic of the virtual platform, respectively. − is the tracking detector delay, is the measuring noise, ref is the maneuvering target position in inertia space, is the LOS position of the tracking platform, is the LOS of the tracking detector, and is the LOS of the virtual tracking detector.
The delay factor only affects the phase-frequency characteristic of the system but does not affect the gain of the system. In order to simplify the analysis, the delay factor and the transfer function of the virtual tracking detector are ignored. Then, the closed-loop transfer function of the system is expressed as
(1)
The transfer functions of main system and subsystem are described as follows, respectively:
From (1)- (2), the poles of the entire system are the poles of the main system and subsystem. Only if the main system and subsystem are stable, the entire system is stable.
Suppose 1 ( ) as the error of the main system and 2 ( ) as the error of the subsystem. The error of subsystem can be obtained as
From (3), the tracking accuracy of the virtual compoundaxis system can be improved by controlling the main system and subsystem. And the error of the system is the error of subsystem. Therefore, the virtual compound-axis system owns the high tracking accuracy.
Virtual Compound-Axis Servo System Implementation.
Two problems should be solved as virtual compound-axis servo system:
(1) problem of virtual objects property, namely how to determine the transfer function of the virtual platform;
(2) problem of implementing the virtual compound-axis servo system, namely, how to achieve the coarse-fine tracking mode on a single tracking platform.
In order to implement virtual compound-axis servo system, its control structure diagram is shown in Figure 3 , where the delay of the tracking detector and virtual detector is ignored. In Figure 3 , main system is tracking platform, subsystem is virtual tracking platform, and is the input signal of the subsystem. In order to simplify the design, the transfer function of virtual platform uses the nominal model of the practical system. As the tracking accuracy of virtual platform is better than that of the tracking platform, the tracking platform tracks virtual platform to decrease for getting high tracking accuracy. In Figure 3, 1 and 2 are the position controllers of the main system and subsystem. In order to get the satisfactory control effect, the ASMC is used in the main system and PDC and FFC are adopted in the system. The output of PDC and FFC which can be regarded as a control component of the main system provides control variable to the actual plant.
Compound Control Scheme of Virtual Compound-Axis Servo System

Controller Design of Subsystem.
Because a LOS stabilization servo system is driven by a DC torque motor, the dynamics of the plant can be described as
where , , , and denote the inertia mass, the damping, the angular position response, and the control input, respectively. (⋅) denotes the disturbance such as nonlinear friction, the force from the environment, the carrier disturbance, and unknown, time-varying, and nonlinear dynamics, which is difficult to model. Consider that ≤ ≤ , ≤ ≤ is satisfied, where , ,
, and are positive real number.
By assembling the parameter mismatch, external disturbance, and unknown dynamics into an equivalent disturbance , (4) can be written as
where and denote the nominal mass and the nominal damping, respectively. The equivalent disturbance is given by = ( − )̈+ ( − )̇+ (⋅). Define a tracking error of the system as = ref − , where ref is a given reference signal. Using the structure of virtual compound-axis for system (5), the control value can be described as
where and are the control value of subsystem and main system, respectively.̂is the estimated disturbance through DOB. When the equivalent disturbance and parameters meet requirements, the task is to design and to make → 0. The subsystem nominal model is described as follows:
+̇= .
The controller of subsystem uses a hybrid control scheme combining PDC and FFC, which can be described as
where and denote proportional coefficient and differential coefficient, respectively.
An approximate method for difference to estimate the reference values of velocity and acceleration is introduced. This method is expressed by [26] 
where is used to concatenate one low-pass filter, whose cutoff frequency is > 0. Thence, the output of controller is written as (8):
Disturbance Observer-Based Main System
Control. In the OET system, nonlinear dynamic and uncertain elements are difficult to compensate by accurate model. Robust closedloop control method based on DOB, which is widely applied in the high-precision servo system, has simple design process. It can inhibit the variety of external disturbances and parameters effectively. In order to realize disturbances suppression, the equal compensation is introduced into control input by means of the estimation of the DOB improved in this paper. The basic idea of DOB is shown in Figure 4 . In Figure 4 , ( ), ( ), and ( ) represent the velocity model of the actual plant, the nominal velocity model, a filter, respectively. means Laplace operator. , , and̂are the actual velocity output, the measurement noise, and the estimated disturbances, respectively. Let , and be system input. The velocity response can be acquired on the basis of superposition principle:
where
Assume that the bandwidth of ideal filter ( ) is 0 . At low frequencies, there is ( ) ≈ 1 when frequency ≤ 0 ; therefore ( ) ≈ ( ), ( ) ≈ 0 and ( ) ≈ 1. This means that DOB makes the characteristic of the actual plant approximately the same as that of the nominal model in low-frequency domain. Therefore, the system has powerful inhibiting effect against external disturbances. DOB is very sensitive to low-frequency noise. In practical applications, it is necessary to consider that appropriate measures are taken to reduce the low-frequency noise in the measurement of the motion state.
In high-frequency domain, if frequency > 0 , then ( ) ≈ 0. Consequently ( ) = ( ) = ( ) and ( ) = 0. This means that DOB has no inhibiting effects on external disturbances while having great inhibiting ability against the high-frequency measurement noise.
The simplified nominal velocity model is procured as follows:
( ) design is significant in DOB design. The design method of low-pass filter ( ) was proposed [27] . The relative degree of ( ) must be equal to or greater than that of −1 ( ), in order to make ( ) −1 ( ) regular. According to the nominal model shown in (13), the following is chosen for this research, which satisfies the property stated above:
where is the cut-off frequency of the low-pass filter (LPF) in DOB. Then, the estimated disturbance is described aŝ
Taking into account the physical realization of ,̂is represented as follows:
Therefore, the improved DOB can be obtained as shown in Figure 5 . The improved DOB has only one differential element, simple structure, and small calculation. The nonlinear function (⋅) can be modeled by the improved DOB system as
where is the approximation error of the DOB. Considering is a bounded variable, is defined to meet
where > 0,̃= −̂, anḋ= −.̂are introduced to assist in estimating the switching gain of the sliding mode controller which is designed in Section 3.3.
Adaptive Sliding Mode Controller Based Main System
Design. Define the tracking error of model as = − , where is an output value of subsystem. Define a sliding mode as follows:
Then, is designed as
where is a positive constant gain and ℎ is a positive switching gain.̂and̂are the estimation values of and , respectively. sgn( ) is a sign function that is defined as follows:
The adaptive law is adopted: 
where • is the minimum value of• and • is the maximum value of•.
Theorem 1.
For system (4) , if the condition | | < is satisfied, exponentially decays to zero, and asymptotically decays to zero using the control law as (10) , (15), (20) , and (22) . The state variables of the system are bounded meanwhile.
Proof. Define a positive-definite Lyapunov candidate: 
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According to (22) , the time derivative of Lyapunov function becomeṡ
According to (24) , there is
which implies that exponentially decays to zero. Then, according to the definition of =̇+ , asymptotically decays to zero. If (0) anḋ(0) are bounded, then ( ) anḋ( ) are bounded to arbitrary > 0 because of ( ) being uniformly bounded. If (0) anḋ(0) are bounded, then ( ) anḋ( ) are bounded. According to = − , anḋare bounded. Consequently, the state variables of the system are bounded.
Theorem 1 is proved.
In this method, the switching gain ℎ is only required to be greater than | |, which is a small variable. This design alleviates the chattering phenomenon of sliding mode controller. In engineering practice, since sign function sgn(⋅) in control law (20) can cause the frequent switching of the control variable and result in the output chattering, it is easy to damage the power amplifier. In order to avoid frequent switching of the control output, the sgn(⋅) is replaced by the saturation function (29) to weaken the chattering further:
where Δ is positive real constant, namely, the width of a boundary layer. Introducing sat(⋅), control law (20) becomes
where is a small positive constant. Then, there is the following Theorem 2.
Theorem 2.
For system (4) , if the condition | | < is satisfied and the control law as (10) , (15), (22) , and (30) is adopted, then Proof. Select the positive-definite function ( ) as (24); then its time derivative is calculated aṡ
Since | | ≥ 4 /ℎ, sat(ℎ /4 ) = sgn( ). According to the proof of Theorem 1, when ≥ | |,̇( ) ≤ − 2 is met. Therefore, exponentially converges until
Consequently,
From (34), yield to
It is similar to Theorem 1 that the state variables are bounded in this system. From (35), asymptotically converges to the bounded region. According to (19) , ( ) anḋ ( ) are satisfied as follows:
Mathematical Problems in Engineering which means that ( ) anḋ( ) asymptotically converge to the bounded region. Theorem 2 is proved.
Experiment Results
This section investigates the feasibility and effectiveness of the proposed compound controller based on the structure of the virtual compound-axis servo system by experiments.
The tracking experiments are implemented through using some type of OET platform. The position sensor of the device uses the optical-electrical encoder with resolution of 0.0007 degrees. The control algorithm program is written with C language based on Windows-RTX real-time system in an industrial computer, which adopts Advantech IPC 610 and connects with the servo drivers by a 16-bit D/A convertor of PCI bus. The control cycle is 0.001 s. It is worth mentioning that the adaptive online adjustment will consume lots of computational resource. With the development of the advanced technologies on computer, the problem of lots of computation has been solved. The proposed adaptive sliding controller is proved to be feasible in a practical system by this experimental platform. Based on what has been mentioned above, the pitch axis is chosen herein to verify the method because each axis of the OET platform can be designed independently. The parameters of the nominal model are identified as = 0.000125 kg and = 0.003125 N ⋅ s ⋅ m −1 by a white noise frequency sweep method. The fitting curves for frequency characteristics of actual plant and nominal model are shown in Figure 6 .
The experiments are separated into two parts. First, the experiment is completed under the proposed compound control scheme, in which sign function uses saturation function. Second, in order to verify the effect of the proposed method, a comparative experiment is achieved by the traditional control scheme with PDC + FFC + DOB. Other parameters are given as follows:
= 0.45, = 0.12, = 0.04, 1 = 0.01, 2 = 0.001, 3 = 0.005, and = 0.0002. Considering the modeling mismatch and the robustness of the system, the value of parameter in improved DOB is chosen as 1000 rad/s. Figure 7 compares the tracking error and the control value of the two control schemes when the reference input signal is a sinusoidal signal where the amplitude is 2 degrees and frequency is 0.5 Hz. The results indicate that the proposed control scheme could achieve a better position tracking performance than traditional control laws: a maximum tracking error decreases from 0.052 degrees to 0.023 degrees with the help of the ASMC. ASMC achieves the adjustment to better. From Figure 7 (a), we can see that the tracking error reaches the maximum value at zero velocity, and the tracking error of the proposed control scheme is smaller. Compared with traditional control scheme, the compound control scheme based on the virtual compound-axis system has better tracking performance and robustness. The disturbance is sufficiently compensated by using improved DOB, which simplifies design process and decreases calculation time. Meanwhile, the accuracy of the system is guaranteed by introducing ASMC to adjust again, whose gain is greatly related to the upper bound on the error of the disturbance estimation, and the reduction of switching gain helps to alleviate the chattering. Figure 7 (b) illustrates that the controller output curve of the compound control scheme is smoother than that of traditional control scheme.
In order to test the dynamic performance of the tracking object further, the tracking command signal is employed as sin(2 ⋅ 3 ). Figure 8(a) shows that the maximum tracking error decreases from 0.14 degrees to 0.06 degrees under the reference signal. Compared to the traditional control scheme, the system with compound control scheme has better dynamic performance. The testing standard of OET platform stipulates that the maximum tracking error cannot exceed 10% of the amplitude of the reference signal in working band. Obviously, the tracking errors of Figures 7(a) and 8(a) meet this standard under the proposed method. Because it has a switching control, the adaptive sliding mode technique can reject the impact of nonlinear disturbance in high-frequency domain which is not compensated by the DOB. From this point of view, the proposed control scheme enhances the system robustness. Furthermore, according to Figures 7(b) and 8(b), the control value of the proposed method is far less than the limit of the D/A converter. The control value does not exhibit obvious chattering phenomenon because ASMC with the improved DOB can alleviate the chattering phenomenon. Consequently, the proposed scheme not only ensures strong robustness against system uncertainties and small tracking error but also suppresses the high-frequency chattering at control input effectively. The results indicate that the compound controller can be reliably performed in practical application.
Conclusions
To obtain the high performance and good robustness for ordinary OET system without the FSM, the design method of virtual compound-axis servo system is proposed in this paper. The proposed compound control scheme based on the structure of the virtual compound-axis system can maintain the robustness of OET system against various disturbances in the whole control period, and then the tracking error of OET system can be limited within an expected level in the existence of sustained uncertainties. Although the virtual compound-axis does not perform as well as the real compound-axis, it can also improve the tracking precision of the OET system to some extent. Therefore, the proposed method can be used as a new control technology applied in OET system. In addition, because OET system is a typical servo motion system, the theoretic results are able to be extended to other relational fields. However, the velocity and acceleration command signal in FFC cannot be measured directly and easily in practice. Therefore, some more excellent differential methods should be considered in further work. Simultaneously, in order to track the maneuvering target with higher speed, further studies aimed at better performance at higher frequencies are needed. Besides, with the development of advanced computer and information technologies, massive amount of measurement data can be utilized to extract the useful information about the current state of the OET process. As a result, the excellent method of the process monitoring and fault diagnosis, such as data-driven techniques [28] , can be used as references in future work.
